In order to improve the stability of direct current (DC) microgrid with constant power loads, a novel virtual inductive approach is proposed in this paper. It is known that the negative impedance characteristic of constant power loads will lead to DC bus voltage fluctuation, which will be more serious when they integrate into the DC microgrid though a large transmission line inductive. For the convenience of analysis, a simplified circuit model of the system is obtained by modeling the distributed resources. Unlike the existing control strategies, the proposed control strategy constructs a negative inductance link, which helps to counteract the negative effects of the line inductive between the power source and the transmission line. Detailed performance comparison of the proposed control and virtual capacitance are implemented through MATLAB/simulink simulation. Moreover, the improved performance of the proposed control method has been further validated with several detailed studies. The results demonstrate the feasibility and superiority of the proposed strategy.
Introduction
There is no fluctuation of reactive power in the microgrid, and the stability of the direct current (DC) microgrid only depends on the stable operation of the bus voltage [1, 2] . When the DC microgrid is operating in island mode, without the supporting of a large power grid, the instability of bus voltage will be more serious [3] . From the structural point of view, the island DC microgrid is a typical multi-source heterogeneous system containing multiple types of micro-resources and loads [4, 5] . The stability is not only affected by the distributed resources, but also subjected to load, especially constant power loads (CPLs). Thus, how to eliminate the influence of the CPLs characteristics caused by the load converter and primary load is a technical challenge to ensure the stability of a DC microgrid [6] .
To overcome the problem of voltage fluctuation caused by CPLs, the instability mechanism of CPLs has been widely studied and several solutions have been proposed [7, 8] . In the past few years, some researchers have tried to solve such instability phenomena by a passive method [9] [10] [11] . Generally speaking, this method requires additional physical dampers. In [9] , an LC (Inductive Capacitance) filter is added to the system. Although it shows a better effect, the system is based on an ideal model, which is different from the actual situation. And the response speed of the system is also affected to some extent. Based on the same idea, a physical filter containing multiple capacitors and resistors is applied to eliminate the impact of constant power loads [11] . However, the use of multiple resistors will make the power loss greater. Previous studies indicate that the power loss caused by passive damping makes it not suitable for DC microgrids. Therefore, the active control strategy gets more attention. This kind of method will not bring any additional physical dampers to the system, hence alleviating the system weight and efficiency problem. This is more in line with the requirements of efficient energy utilization in a DC microgrid. Furthermore, because of the advantages of distributed control, droop control has been widely used as an important form of active control [12] [13] [14] [15] .
Active control method can achieve the same effect as passive control strategy, but it will not cause additional power loss. Guo et al. added a low-pass filter in series to droop control, which can increase the output impedance of the converter in the low frequency range [16] . Thus, the bus voltage fluctuation caused by CPLs can be effectively alleviated. However, this research is limited to the introduction of filter designs. Furthermore, for solving the negative effects of CPLs, Wu et al. described a virtual phase-lead impedance stability control strategy [17] . The strategy was used to adjust the output impedance of CPLs to be positive. But it was not applied to an island mode. And from the point of inertia, a corresponding virtual capacitance control strategy was established by Zhu et al. [18] . And due to the increase of inertia by virtual capacitance, the robustness of system is increased in the face of CPLs. However, because the "plug-and-play" characteristics of distributed resources, new control strategies need to be designed for the access of new micro resources, which obviously lacks flexibility. In addition, other methods are also committed to using active control methods to improve system stability [19, 20] . Among various approaches investigated in the literature, there is a deficiency that the influence of transmission line is not included in these study. This is imperfect, because the transmission line is also a major factor affecting the stability of the system, especially the inductance component of the transmission line [21, 22] .
To address the above problem, a virtual negative inductance control strategy is proposed in this paper. On the basis of droop control, a virtual inductive is constructed, which operates as a negative inductive link and counteracts the inductive in transmission line. Thus, the negative influence of line inductance is effectively solved. This paper makes the following contributions:
(1) Through the modeling of micro-sources and loads, the system can realize the conversion from a multi-dimensional to a low-dimensional system. (2) An innovative solution of system instability is proposed from the perspective of line inductance.
Compared with the virtual capacitance strategy in [18] , the method proposed in this paper will be more smooth and fast in the process of adjustment. (3) The other salient feature of this paper is that starting from the transmission line, the strategy can be applied to a wide range of situations.
The remainder of the paper is organized as follows: The configuration and modeling of the DC microgrid is introduced in Section 2, and the simplified circuit model of the system is shown. Section 3 presents the design of the virtual inductive control strategy. In Section 4, simulation results are used to verify the superiority of the strategy by comparison and different case studies. Finally, Section 5 summarizes this paper and draws conclusions.
Structure and Modeling of Island DC Microgrid
The structure of an island DC microgrid is depicted in Figure 1 , which mainly composes of four parts: (1) distributed resources (PV and wind turbine); (2) eEnergy storage unit; (3) various types of load (mainly divided into CPLs and resistive load); and (4) line impedance. Subsystems in the DC microgrid can also be divided into power control unit and constant voltage control unit according to their control mode [19] . The purpose of power control is to ensure that distributed generators inject constant power or maximum power into the system. In this paper, MPPT (maximum power point tracking) control was used for distributed generators such as wind turbines and PVs to achieve maximum power utilization. The constant voltage unit is aimed at stabilizing bus voltage [23] . For the energy storage unit, a droop control method is applied to the DC bus voltage [24] . 
Modeling of Distributed Power Unit
The resources are connected to the DC microgrid through power converters, whose control dictates their behavior. Resources under MPPT try to maximize the injection of available power to the DC microgrid regardless of the network status. Under constant weather conditions, the power converter of distributed generation can be modeled as constant power sources (CPSs) when viewed by the bus terminals [5] . This means that despite of the variation on the bus voltage, the current provided by the power converter adapts to keep injecting constant power. Such distributed resources can be considered to be a type of CPLs with a negative power consumption, and both constant power loads and constant power sources can be totally modeled as an ideal constant power model, as illustrated in Figure 2a (taking the photovoltaic as an example). As CPLs and CPSs behave in the same way, they can be modeled as lumped CPLs that demand an equivalent constant power P given by (1) . And based on [21] , energy storage units based on the droop control are modeled as an ideal voltage source with series resistance, as illustrated in Figure 2b . 
The resources are connected to the DC microgrid through power converters, whose control dictates their behavior. Resources under MPPT try to maximize the injection of available power to the DC microgrid regardless of the network status. Under constant weather conditions, the power converter of distributed generation can be modeled as constant power sources (CPSs) when viewed by the bus terminals [5] . This means that despite of the variation on the bus voltage, the current provided by the power converter adapts to keep injecting constant power. Such distributed resources can be considered to be a type of CPLs with a negative power consumption, and both constant power loads and constant power sources can be totally modeled as an ideal constant power model, as illustrated in Figure 2a (taking the photovoltaic as an example). As CPLs and CPSs behave in the same way, they can be modeled as lumped CPLs that demand an equivalent constant power P given by (1) . And based on [21] , energy storage units based on the droop control are modeled as an ideal voltage source with series resistance, as illustrated in Figure 2b . P = P CPLs +P CPSs P CPLs > 0 and P CPSs < 0, 
Dimension Reduction Modeling of Multi-Voltage Control Unit under Droop Control
On the basis of the work done above, the multi-branch combination model of DC microgrids with multiple voltage control units was obtained, as illustrated in Figure 3 . 
On the basis of the work done above, the multi-branch combination model of DC microgrids with multiple voltage control units was obtained, as illustrated in Figure 3 . V i is the source voltage and v bus is the voltage of the dc bus. R di is the droop coefficient of the ith droop controller, R ti and L ti are the line resistance and inductance from ith energy storage unit to the bus, respectively. C is the equivalent capacitance on the bus [25] . The droop resistance and line resistance in series of the ith control unit can be represented by:
Assume that the value of droop resistance is much greater than the line resistance, Equation (2) can be rewritten as:
As a complex multi-dimensional system, the DC microgrid power system is not conducive to analysis [26] . It is necessary to simplify the n-dimensional equation of representative DC microgrid system. Each distributed unit can be modeled as a differential equation in (4) .
Furthermore, the total current i s provided by the resources can be denoted by i s =i 1 +i 2 +⋯+i n , (5) Therefore, the sum of the n differential equations in (4) can be simplified to
In reality, multiple identical energy storage units often exist in the form of clusters [27] , and the overall power supply capacity is evenly divided into individual battery unit. Assuming that the specifications of each energy storage unit and the line length to the bus are the same. Thus, the following equation is obtained
Multiplying both sides of (6) by
The system is simplified from multiple differential equations to a simple differential equation in (9) . Thus, the conversion from multi-dimensional to a low-dimensional is realized V i is the source voltage and v bus is the voltage of the dc bus. R di is the droop coefficient of the ith droop controller, R ti and L ti are the line resistance and inductance from ith energy storage unit to the bus, respectively. C is the equivalent capacitance on the bus [25] . The droop resistance and line resistance in series of the ith control unit can be represented by:
Furthermore, the total current i s provided by the resources can be denoted by
Therefore, the sum of the n differential equations in (4) can be simplified to
L t1 = L t2 = · · · = L tn .
The system is simplified from multiple differential equations to a simple differential equation in (9) . Thus, the conversion from multi-dimensional to a low-dimensional is realized
And under the condition:
From (9), the equivalent steady-state model of the DC microgrid system can be obtained, as illustrated in Figure 4 .
From (9), the equivalent steady-state model of the DC microgrid system can be obtained, as illustrated in Figure 4 . where V ref is the reference voltage of the bus. Resistance R d is the droop control coefficient. P, R dc correspond to the equivalent power of CPLs and the resistive load, respectively. The corresponding whole system parameters are listed in Table 1 . 
Definition of Instability
For CPLs, the input power is equal to the required power of the CPLs. And the power where V re f is the reference voltage of the bus. Resistance R d is the droop control coefficient. P, R dc correspond to the equivalent power of CPLs and the resistive load, respectively. The corresponding whole system parameters are listed in Table 1 . 
Virtual Inductive Control Strategy

Definition of Instability
For CPLs, the input power is equal to the required power of the CPLs. And the power characteristics can be given by
And (12) can be obtained by small signal analysis.
where ∆i load and ∆v bus are the perturbation of load current and bus voltage, respectively. V bus is the steady-state bus voltage value. It can be noted from (12) that the input current of CPLs varies inversely with bus voltage at a multiple of P/V 2 bus . Thus, the rise (decrease) of voltage corresponds to the decrease (rise) of current. That is why the CPLs cause instability, also known as negative impedance characteristics. It is noteworthy in (12) that the negative impedance characteristic effect of the CPLs on the bus voltage can be eliminated by offsetting the current change. The virtual inductive control strategy of this paper will be introduced in detail below.
Virtual Inductance Control Strategy
Voltage and current double closed-loop control is a common control method [12, 18] . And transfer function of voltage and current double closed-loop control of DC microgrid given by
k pi , k ii are the proportional and integral parameters of current loop, respectively. And k pv , k iv are the proportional and integral parameters of voltage loop, respectively. According to the selection rules of controller parameters in [16] , the specific PI controller parameters of this paper given in Table 1 .
The dynamic characteristics of the current inner loop can be equivalent to proportional gain one when calculating the voltage outer loop transfer function. The small signal block diagram of the droop control strategy can be derived, as illustrated in Figure 5 [28] .
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And an improved droop controller block diagram is depicted in Figure 6 . As shown in Figure 7 , with the proposed control strategy, an equivalent virtual control link is added between the source and the transmission line, which is equivalent to a negative inductance link in the system, helps to offset the influence of the line inductance in the system. As shown in Figure 7 , with the proposed control strategy, an equivalent virtual control link is added between the source and the transmission line, which is equivalent to a negative inductance link in the system, helps to offset the influence of the line inductance in the system. The control parameters of system are shown in Table 1 . Where the value of droop coefficient depends on the maximum voltage deviation ∆v 0max and the rated output current i 0 . The maximum allowable voltage deviation is ± 5% of the rated bus voltage. R d can be derived as:
Simulation Verification
In this section, simulation results in Matlab/Simulink are shown to validate the proposed control strategy. The changes in bus voltage, inductor current, and output current of the DC microgrid before and after the application of the control strategy are shown in Figure 8 . Initially, the traditional droop control was applied. Due to the influence of CPLs, the system suffers oscillation. At t = 0.5s, the control strategy is switched from the traditional droop control to the proposed control strategy. Obviously, the DC microgrid bus voltage can quickly be restored to a stable state. Compared with the virtual capacitance control strategy based on droop control (the gray curve in the figure) in [18] , the proposed control strategy in this paper can reduce the adjustment time and make the system reach the balance faster. In addition, the control strategy can reduce the bus voltage fluctuation during the regulation process. Overall, this strategy will have more advantages in improving stability. To further verify the effectiveness of the proposed strategy, the following tests are carried out with the change of droop coefficients, line lengths, and operating points. The control parameters of system are shown in Table 1 . Where the value of droop coefficient depends on the maximum voltage deviation varDeltav 0max and the rated output current i 0 . The maximum allowable voltage deviation is ±5% of the rated bus voltage. R d can be derived as:
In this section, simulation results in Matlab/Simulink are shown to validate the proposed control strategy. The changes in bus voltage, inductor current, and output current of the DC microgrid before and after the application of the control strategy are shown in Figure 8 . Initially, the traditional droop control was applied. Due to the influence of CPLs, the system suffers oscillation. At t = 0.5s, the control strategy is switched from the traditional droop control to the proposed control strategy. Obviously, the DC microgrid bus voltage can quickly be restored to a stable state. Compared with the virtual capacitance control strategy based on droop control (the gray curve in the figure) in [18] , the proposed control strategy in this paper can reduce the adjustment time and make the system reach the balance faster. In addition, the control strategy can reduce the bus voltage fluctuation during the regulation process. Overall, this strategy will have more advantages in improving stability. To further verify the effectiveness of the proposed strategy, the following tests are carried out with the change of droop coefficients, line lengths, and operating points. 
Change of Droop Coefficients
DC microgrids can coordinate the output of resources by adjusting the droop coefficient, which means that the system may operate under different droop coefficients due to different requirements [29] . Therefore, the stable operation of the system under different droop coefficients must be ensured. Figure 9 shows the simulation result of the proposed control strategy under different droop coefficients. It can be seen that the system remained stable whether the droop coefficient was switched to 0.3 or 0.7. Thus, it is evident that the control strategy can ensure the system stability under different droop coefficients. 
Change of Line Lengths
The system needs to meet the energy requirements of the load, but the distance between different loads and the bus are different. It is generally considered that the value of the droop coefficient is much larger than the line resistance and only the inductive component in the line is considered in this paper. The inductance of the line is proportional to the length. Hence, the variable considered in this section is the line length. As shown in Figure 10 , the line length varies following the sequence of 1.070 km, 0.535 km and 0.749 km. It can be seen that no matter the length of the line increases or decreases, the DC microgrid can keep stable after applying the proposed control strategy. Thus, the effectiveness of the proposed stabilization strategy is proved when the system line length varies.
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Conclusions
A virtual negative inductance control strategy for DC microgrids with constant power loads is proposed in this paper. The particular is that this strategy improves the stability of the system from the point of line inductance. And the main contributions of this paper lie in the following:
(1) Complex multi-dimensional DC microgrid systems are not conducive to analysis. So, a concise system model was obtained by simplifying the distributed generation model and the multi-branch model. Moreover, the model takes into account multiple types of power supply and loads in a DC microgrid system, which is closer to the actual situation. (2) The instability caused by constant power loads can be attributed to the change of output current ∆i 0 . The expression of the control strategy in this paper was deduced to solve the problem of current effect. And the form of control strategy was equivalent to adding a negative inductance link to the system model. (3) The effectiveness of this strategy was verified and compared with the existing virtual capacitance control strategy. The results show that this strategy can effectively solve the instability of DC microgrid. It also proves that the proposed strategy has faster and smoother regulation process when compared with the virtual capacitance strategy.
In this paper, the stability of a single DC microgrid is studied. For future work, the stability of a DC microgrid group will be of concern. The power generation variation of renewable energy based distributed generators will also be considered. And more detailed research will be carried out by considering more detailed transient models of distributed generation and load. Besides, we also intend to extend the proposed control strategy to a hybrid alternating current (AC)/DC microgrid. 
Conflicts of Interest:
The authors declare no conflict of interest.
Abbreviations
The following abbreviations are used in the manuscript: 
